Rotavirus genomic RNAs, derived from a series of human isolates that exhibit variability in the pattern of migration of the double-stranded RNA on polyacrylamide gels, were transferred to diazobenzyloxymethyl paper, and their sequence diversity was investigated. Hybridization of cDNA probes prepared from the 11 segments of rotavirus RNA indicated that considerable sequence diversity exists among these viruses. Under conditions of both low and high stringency, hybridization analysis of virus collected between 1975 and 1980 suggested that the variation among rotavirus strains may have occurred by a process involving both "drift" and "shift" in the sequence of the rotavirus genomic segments.
Rotaviruses, a genus of the family Reoviridae, have been identified as principal etiological agents of acute gastroenteritis in a variety of animals as well as in humans (reviewed by Holmes [14] ). These viruses possess 11 segments of double-stranded RNA (26) and, in common with other members of the Reoviridae, possess a virion-associated RNA transcriptase which transcribes the 11 genome segments into mRNA (5, 20) . Both structural viral proteins and other nonstructural proteins are synthesized in the infected cell (10, 11, 23, 25, 27, 36) , and most of these proteins now have been identified as the products of individual genome segments (8, 31) .
Serological studies have indicated that distinct rotavirus serotypes may be identified (13, 28, 37, 41; M. E. Thouless (15) and orbiviruses (37) , individual strains may be distinguished on the basis of the electrophoretic migration of the genome segments on polyacrylamide gels (6, 9, 12) . Rodger et al. (24) applied this approach to a study of rotavirus strains circulating in Melbourne, Australia. I'hese workers identified at least 19 distinct electropherotypes and correlated their presence with clinical human disease.
The molecular basis for difference in the electrophoretic mobility of double-stranded RNA segments of the Reoviridae has not been determined. Walker et al. (38) studied this type of variation in orbivirus strains by two-dimensional mapping of T, RNase digests of individual genome segments. These workers concluded that segments having the same electrophoretic mobility could nevertheless differ in their Tloligonucleotide fingerprints, indicating considerable sequence variation despite similar electrophoretic migration rates for the double-stranded RNA. Thus, although "electropherotyping" is of value in providing a means by which individual isolates may be distinguished, the method may fail to reveal major sequence diversity.
The aim of the work reported in this communication has been to investigate both the basis of the differences observed between electropherotypes and the extent of sequence diversity among rotavirus strains. Specifically we have sought answers to the following questions. To what extent does the variation in genomic electropherotype reflect true sequence diversity? Have human strains collected between 1975 and 1980 differed in the extent to which they demonstrate nucleic acid homology?
The extent to which it is necessary to invoke reassortment as an evolutionary mechanism to account for the sequence differences observed within human rotavirus isolates and between human and animal rotaviruses is also discussed briefly, but is dealt with in more detail in an accompanying paper (29 For virus propagation, the method of Babiuk et al. (2) was used, except that cells were propagated in 1585-cm2 roller bottles (Bellco Glass Inc., Vineland, N.J.) turned at 0.5 rpm.
Cells were washed with serum-free medium and infected at a multiplicity of approximately 1 PFU/cell, using 10 ml of serum-free inoculum containing 5 ,ug of trypsin per ml (Difco Laboratories). After 1 h at 37°C the culture volume was increased to 60 ml and maintained for a further 70 h at 37°C.
Infected cells detached from the glass, but virus remained cell associated. Virus was purified from the concentrated cell pellet essentially by the method developed for reovirus by Smith et al. (32) , except that the sucrose gradients were omitted from the purification procedure and the virus was banded twice on cesium chloride gradients. Purified single-shelled and double-shelled particles were harvested from cesium chloride gradients and stored in cesium chloride at 4°C until required for RNA extraction. Yields of virus were approximately 100 PFU/cell or 1 mg of virus per infected roller-bottle culture.
Human rotaviruses. Human rotavirus isolates were obtained as diarrheal stools from patients admitted to the infectious diseases wards of Auckland and Christchurch Hospitals. Samples were stored at -70°C, and virus was extracted by the cold lithium dodecyl sulfate method of Croxson and Bellamy (7), followed by phenol extraction of the viral RNA (see below).
The method of Rodger and Holmes (25) has been adopted to describe the source and isolation of these strains. This terminology follows a format similar to that used for influenza A viruses. For Electrophoretic transfer of viral RNA to DBM paper. Essentially the method of Stellwag and Dahlberg (33) was used to transfer viral RNA to diazobenzyloxymethyl (DBM) paper. Gels stained with ethidium bromide were trimmed to size under UV light. The gel slab was then soaked in 0.1 M sodium hydroxide for 15 min at room temperature to denature the RNA and to reduce the average molecular weight of the RNA in order to improve elution. The alkali-soaked gel was then transferred to successive changes of 500 and 50 mM sodium phosphate buffer (pH 5.5) at 0°C (20 min total) and finally into 25 mM sodium phosphate buffer (pH 5.5) at 0°C. The gel was then transferred onto freshly converted DBM paper prepared by the method of Alwine et al. (1) and inserted into an electrophoretic transfer cell (33) .
Electrophoretic transfer was carried out in 25 mM sodium phosphate buffer (pH 5.5) at 4°C, 10 V/cm, and 2.5 A for 4 h. At the end of the transfer period the transfer cell was disassembled, and the DBM paper was separated from the gel, rinsed in 0.1% sodium dodecyl sulfate, blotted dry, and stored at -70°C until used.
Synthesis of rotavirus-specific cDNA probes. The random primer method of Taylor et al. was used to synthesize virus-specific cDNA probes (35 Synthesis of cDNA was initiated by the addition of rotavirus RNA which had been previously denatured by boiling for 2 min in 5 mM EDTA, followed by quenching in ice. cDNA specific for single segments of SAl1 virus RNA was synthesized by a similar procedure, using RNA recovered from acrylamide gels by the procedure of Maxam 42°C, the cDNA was freed from unincorporated radioactive nucleoside triphosphates and degraded RNA by passage through a 3.0-by-200-mm Sephadex G100 column packed in water. The rotavirus cDNA was then used directly for hybridization studies or, alternatively, concentrated by ethanol precipitation with Escherichia coli tRNA as carrier.
Hybridization. The methods described by Alwine et al. (1) were used for hybridization. Prehybridization (blocking) reactions were carried out in sealed plastic bags in a water bath at 52°C for 1 h. Hybridization of cDNA to the paper-immobilized rotavirus RNA was carried out for 6 h in the same fashion in formamide concentrations which ranged from 0 to 50% depending on the stringency required. At the end of the hybridization period the paper was washed twice at room temperature with the first high-salt buffer of Alwine et al. (1), followed by the low-salt wash at 15 to 52°C, depending on the stringency of the prior hybridization step. The paper was then lightly blotted dry and sealed in a dry plastic bag, and radioautographs were exposed at -70°C with Kodak X-Omat-S X-ray film and Du Pont Cronex enhancing screens.
RESULTS
Synthesis of rotavirus-specific cDNA probes. To establish that all segments of rotavirus RNA were able to act as satisfactory templates for the synthesis of cDNA by reverse transcriptase, preliminary experiments were carried out in which SAl virus RNA was transcribed into cDNA and the product was then hybridized to genomic RNA immobilized by blotting onto DBM paper. Figure 1 demonstrates that sequences specific for all 11 segments of the genome were represented in the mixed cDNA probe synthesized by this method. Results similar to those shown in Fig. 1 were also obtained for other probes synthesized from the RNA of human Wa virus, Nebraska calf diarrhea virus, and the other human isolates. It can be seen from Fig. 1 , however, that although all 11 segments were represented in the probe, the efficiency of transcription varied between segments: for SAl virus, segment 11 in particular, as well as some other genes, was represented less than anticipated on the basis of the known unimolar ratios and the molecular weights of each genome segment.
Factors affecting the detection of genome homology after hybridization with mixed cDNA probes. The use of a mixed cDNA probe containing sequences specific for all 11 of the rotavirus genes provides a rapid method for sequence comparisons if the reasonable assumption is made that cDNA copied by the random primer method from rotavirus RNA contains a mixture of sequences that are representative of the genome, as is known to be the case for other RNAs (35) . However, use of mixed probes opens the possibility that sequences held in common between different genes (for example, ribosomal binding sites) might provide sufficient homology to allow cDNA probes to hybridize; homology detected in this manner would therefore be unrelated to the coding sequences of particular genes. To determine whether common sequences of this type could be detected, cDNA was prepared against segment 2 of SAl1 virus and hybridized at low stringency to SAl1, Nebraska calf diarrhea virus, Northern Ireland bovine rotavirus, and strain Wa rotavirus genomic RNAs that had been immobilized on DBM paper (Fig. 2) or not a band is detected will depend partly on the specific activity of the probe and partly on the exposure time of the radioautograph. This is an obvious yet important consideration which accounts for the occasional variation in detection of regions of minor homology when different probes are used, or when radioautographs are exposed for different times.
Finally, when either major or minor regions of homology are detected for a particular rotavirus strain under particular conditions of hybridization, the extent of homology at the base sequence level may be estimated by adjusting the stringency of the hybridization conditions. Hybridization in the absence of formamide at 52°C will detect those sequences having up to 30% base mismatch, whereas hybridization in the presence of 50% formamide will detect those with up to 8% base mismatch (see below).
Analysis of sequence homology between human rotavirus strains. To determine the extent of sequence diversity among rotavirus strains collected between 1975 and 1980, RNA was extracted and subjected to electrophoresis (Fig. 3) . This gel and a series of similar gels were then blotted onto DBM paper.
It can be seen from the ethidium bromidestained gel (Fig. 3 ) that differences were detected in the electrophoretic patterns of the genome RNAs. In particular it should be noted (see lanes 4 and 8 through 10 of Fig. 3 ) that certain strains show marked differences in the mobility of the smallest segments (10 and 11), a feature used by other workers to classify isolates into "short" and "long" electrophoretic types (8) . The immobilized RNA was then hybridized with a cDNA probe constructed against one of the most recent rotavirus isolates, HU/AKL/609/80 (Fig. 4) . Figure 4 reveals a surprising degree of sequence diversity between different isolates when base sequence homology with the cDNA probe prepared from human isolate HU/AKL/609/80 was examined. At 15% formamide and 52°C (Fig. 4) cross-hybridizations involving these two isolates were carried out (Fig. 5) .
The possible significance of these observations will be discussed below, but it may be tentatively concluded at this stage that the recent human isolates examined exhibit various degrees of sequence homology ranging from low to partial or near-total homology of their 11 genes.
Sequence homology with SAll virus. To investigate whether the extensive sequence diversity shown in Fig. 4 was evident when examined with a different mixed probe prepared from a different virus strain, cDNA was prepared against SAl virus RNA and hybridized to a similar series of viral RNAs immobilized on DBM paper (Fig. 6) . SAl virus exhibited a significant but lower degree of homology with human strains than was the case for the homologous SA11/SA11 combination when hybridization was carried out at low stringency (Fig. 6a) .
For certain genes of some of the human strains no homology was evident; this was par- ticularly obvious for genes 4 and 5. When the stringency of hybridization was increased to a level where only 8% base mismatch was tolerated (Fig. 6b) , remarkably little close homology was found for the simian and human viral genomes.
Sequence homology with human rotavirus strain Wa. The human Wa strain of cultivable rotavirus was isolated recently after multiple passage of a human strain in gnotobiotic piglets (39) . The degree of sequence homology between this isolate and wild-type human isolates is shown in Fig. 7 and clearly confirms the human origin of this virus.
The 1978 human isolates of the short type revealed major differences with Wa cDNA, particularly for genes 1, 5, and 6. The 1975 short isolate HU/CHCH/21/75 demonstrated remarkably low homology with the Wa probe ( Fig. 7a ) and almost no evidence for sequence identity when the stringency of hybridization was increased. The HU/CHCH/21/75 isolate may therefore be set apart from the other short isolates. Generally these results confirm the conclusion reached earlier that the human rotavirus isolates examined here demonstrate major sequence diversity and that those which exhibit the short electropherotype differ in a number of ways from the other isolates.
DISCUSSION
The use of a mixed cDNA probe which contains cDNA sequences specific for all 11 segments of the rotavirus genome places certain limitations on the interpretation of the hybridization results obtained in this study.
First, the relative electrophoretic migration of a double-stranded RNA segment which codes for a particular protein may change in major ways, as is the case for segment 11 of human rotaviruses (8) . Thus it is clearly not possible to determine unequivocally to which segment homology has been detected when 11 probes are cross-hybridized to 11 genome segments. Second, different segments might be anticipated to have sequences in common, such as those coding for ribosomal or polymerase binding sites. This is a less important limitation because the result obtained with a probe specific for segments 2 and 6 of SAl1 virus demonstrated that no homology was evident between these segments and other genes of either the same or different viruses. Thus, if there are sequences held in common between different rotavirus segments, they have not been detected at the hybridization stringencies used in this study.
When hybridization does occur between the cDNA probe and the blotted rotavirus RNA, the extent of sequence homology may be estimated in two ways. First, the fraction of the genome (compare Fig. 3 with Fig. 4 ) are known to have become inverted (8) .
The short and long electropherotypes are known to correlate with enzyme-linked immunosorbent assay serotypes 1 and 2, respectively (24, 40) . Recent work (16) has shown that these "serotypes" should more properly be referred to as "sub-groups" and that the term serotype should be reserved for the identification of the antigen that reacts with neutralizing antibodies. The low sequence relatedness detected here between subgroup 1 and subgroup 2 virus (short and long strains) demonstrates that the difference between these subgroups is not restricted to segment 11 alone but extends to most of the other genes. Epidemiological evidence confirms that 1978 strains differ in some major way from other isolates, since this year marked a major epidemic of rotavirus infections in Auckland (4) .
On the basis of 19 different electropherotypes detected in a survey of human rotavirus strains, Rodger et al. (24) suggested that a constantly changing population of human rotaviruses might exist in nature. By analogy with influenza virus (19) , this variation could be based on the occurrence of both antigenic "shift," due to the interchange of genome segments, and "drift," which is the slow progressive accumulation of changes in nucleic acid sequence. Although our hybridization study is based on a relatively small number of virus isolates, the results obtained tend to support the notion that segment interchange between viruses may have occurred. For example, the absence of hybridization to segment 5 when the AKL/609/80 probe was hybridized to AKL/78/79 (arrows in Fig. 4 and 5) is difficult to account for on any other basis than shift, since all other genome segments of these strains show clear evidence for sequence homology. Similar arguments may be advanced to account for lack of cross-hybridization between cDNA specific for strain Wa RNA and band 5 of CHCH/2/75 (Fig. 7) .
Antigenic drift, on the other hand, may be indicated by those segments which demonstrate homology under hybridization conditions of low stringency but which fail to show evidence for hybridization under more stringent conditions. An example of this type of sequence divergence is the relatively low homology evident between SA 1 virus and almost all the genes of all the human strains examined (Fig. 6) . Further evidence concerning the sequence relationships existing between human and animal rotavirus strains is presented in an accompanying paper (29) .
Despite the limitations created by the mixed probe used here, an advantage of the Northern blot method is that small quantities of human rotavirus RNA may be bound covalently to the DBM-paper matrix in a manner which permits repetitive analysis with radioactive cDNA probes. This approach thus provides the means by which a permanent catalog of rotavirus RNAs might be assembled which could then be used as a reference "library" for sequence comparisons either with new human strains as they are isolated or with cloned copies of important rotavirus genes when these become available.
